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to maximize thfi beneficial efTecia and 
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on engine operation. Specifieally, at 
least one parameter indicative of the 02 
coQoentnitioD in the intake umLture and/or 
at tcA^t one pttramelBr indicative the 
H20 concentration in the intake mixture ia 
monitoxed. and the monitored pacamelicr ii 
roKod i»n lii onniml one i^r ttimo ajipecu of 
engine gpcroiign 1^ open loop iiajii]Unient= of 
otfatf centtol Ktrate^efl and/of by a ie^eraie 
closed loop control itrategy. These eontrala 
aie applicable to viftuaDy any et^ine, 
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hum engines loich ajt diese] (eompiefirion 
ignition) engines (20X !>pnk ignited nuiiml gai enginca (220), and dual fbel or other compfcsdon igniied naninl gas enginea. the 
engine mey be cqmppcd with cither actively controUnble EGR on passive and uncontzoUed fiGR. 
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OPTIMIZED COMBUsnON CONTROL OP AN INTERNAL OOMBUSIION 
ENGINE EQUIPFED WTIH EXHAUST GAS KECIRCULAIION 



BACKGROUND QP THE INVENTTON 

llie inveatiavi relates to mtemal Qozofaii^^ 
ii&latBS to a systietn slid niBfhod fijr c^otr^ 
5 an a^diBustgearecsinsuletionC^R) system 

2. DiaguBrionoftfaeRdatedAit 

Cauntfiea waddndde ate in^iletiieiiliiig evop-strictBr fiiKUaBioii(a) otandazib for 
diesd and ofhor iiitcitial combiistioiti ddgmes. Past and S0in6 cuuvui standards tar 

1 0 03ddoft of DitrogeQ (NOx), liydrocaibon (KC)» and patttcnlate emissions have been 
metliixough varicfus impioveQients to engine design, advancements in fud ixt|ectio^ 
equipment and controls, etc* However, many of these techmques are incapable of 
meeting stricter emission standards that at« being implemented or will soon be 
implemented by the United States and many other cowtdes. Bxhanstgas 

15 xedhm]ladon(BGR)iadiere{breibecom^ 
war against emissions. 

BGR systems have been used fi»r decades to leduooNOx emissions and, as 
now developed, have been successfully ^ipUed to modem gasoKne engines to meet 
pa^ and currDnt emission reguladons. Because of the tightening NOx standards for 

20 compression ignition (diesel) engines, EGR systems are ouzrendy being investigated 
&r application to dieseleiigine emission systems for teductlon of NOx. However, 
qjphcaliaa of BGR systems to d£esel and other lean bum engines pie^ 
distinct dialleDgea. For jnstanoe^ the direct xedtcaladoa of hot oicbanstgase^ 
air aystem of a diesel fttiginfe mcteases ait mamfbld tenipeiatiirc» 

25 increasing hydrocarbon emissions and paxticukte k vela doe to deteiioiation in the 
combustion process. In addition, soot and other particulates in ^ EGR system 
accimwilate in the aftooooler and other components of the engine's intake and exhaust 
systems, decreasing the effectiveness of those components and shortening their useful 
lives. Moreover, unlike ma tfatotded otto cycle etiginCi an nnthiottleddi 

30 ofbeaesiperieocesaninsuiBcieiitdiffisientidpiessa^ 

1 
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an fiCR flow suffiracDt to obtain an aptiizialBORiiia&^ fifictkmindiB okfEGR 
mixtuiio indocted ffito dio 00^^ 

Some of ihb pioUems assocaaled with ottemptiitg to reduce emiasioiia in a 
diesel engine throng BGR, and proposed sohitions to ftem, are diacussed, eg., in 
5 U*S. Patent No. 5,440,880 to Ccynow* U.S. Patent No, 5.806.308 to Kbair. and U^. 
Patent No. 6^01|887 to Ooxd. For instance, tbe Gord patent disdoacs a so-called 
low pressuieEGR system for a tinbocbaiged diesel engine. Hie Gorel EGR system 
inchides an exhaust patticuLite filter lliat is located downslzeam of and in fluid 
c<»ngiiauoBtion wMi tfafl outlet of flie turfioctiargei tuihinc for removing particulate 
10 saatterfinmllieeDChBust gases. It also includes a low-piessiiieEQR line fliat extends 
flomsn inlet located within^ main eshaustpailiealatofiU 
upstream of die tiutx)chaiger cosiifffBflSor and downstream of the eogine's air fiher* 
An EGR vahre, an BGR cooler, and an BGR letimi aie IcN^ated in series wi 
BORline, In addition, an EGRpick-19 unit is located at the inlet of fl^ 
15 ^vidun the main particulate filter. It has an intenial particulate filter to remove 
particulates fiom tbe ECQl stream* 

Solutions proposed by tiie Corel patent and others solve some of the problems 
discniased above to fli0 eoctem that it is now possHiIe to implement 
system in a diead engine on either an griginat equ]q[mieiitipaiuiftfitiiier(OEM) or an 
20 aftermaiket basis. However, the contiols of prior EOR equipped engines do not take 
fidl advantage of EGR vdien attamptfaig to reduce ^mfaftlnpA or odiecwise optimize 
combustion controL 

For instance, m increasiiigly popular technique for reducing emissions is to 
optindze engine openilion based on excess ai^ Lambda is usually 

2S defined as dm ratio of total air available for combustion din^big a p 

oombusticm oycle to tliat required for stoichiometric oornbuadoii. Le., that required to 
bum all ofdia foci duiUD^ that cyde. If lambda drops below a minttnum threshold, 
die reduced o^^gen level in the combustion chamber increases NOw and other 
emissions to unaccQ)table levels. On die odier hood, iflambda rises above a 
30 nwrimimi acc^stablo flireshold, misfire can occur, resulting in excessive, unwanted 
emiflsioiia and a^iaiply decreased fliennal efficiency. Optimum lambda varies with 
speed, load, and other factors. Chflracteristics that are controlled to optimize lambda 
inolnde fiiel supply quantity, chmge pressure or manifold absolute pressure (KfAP). 
andair charge temperatmn (ACT). 

2 
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OfcOttfSflv oxygen is (be only xcaotiveconfidti^ Tbe femaining 
con9titu«nl9, principally LoaibdabasbdcQiiizolsasiiiiiie 
ibakiitb oxygen cciO£oa^^ 

concentzviioQ in fte ambieast atmosphere Le»« 21 % on a mole JSoaction 1»si8, and llien 
5 hflfia tftaif <^«ilAtk!mfl ftn that HAftftmprirtw, This assimq)tk>n 18 inccMXcct in EC]R 

equii^>ed engines, lliexeciicuktedezfaaost gases coxitain little or no o^ 

vfbsa mixed with ambient air, produce an intake nuxtine '&at baa 5\d>5tantially less 

oxygen, on a mole finction basis than ambient air. Lambda based controls tfierefbte 

ovnrestiinalo Qie leactabiUty of tiie Qombuatifm mi 
10 natailatiops and jreanltant inftriof controls. Odierstandaid combustion cootxol 

strategies similady £ul to adequately take die oxygoi cementation reducing eSExta 

of BGR into account 

£GR is also lebidvely heavily laden widi water vapor, whidk is a migor 

oombostion product The mixing ofEGR with intake air therefore ixitzo^ 
15 substsntidquantttiosofwater v^xir into the tesullantinl^ Thiswater 

Vi^or introduction has two efifocts, one potentiatt/ benefioiBl and one potieatially 

hannflil, neither of which has been adequatdy addmsed by tho prior ai^ 

First, the inventon have discovered tibat die water v^>or in die intake mixture 

eanhave the sanw effect as water iigeotion, wlddi is widely 
20 reduce flic flame temperatnre in the combustion chamber for NOw reduction pmposes . 

No kiiown system takes ^lis edGGsct into account lA^^ 

charactedstics such as ignition timing and lambda. Nor does ai^ known system 
actively conttol engine operation to obtain a specific doaired water vapor 
oancentiatiaa dependeitf paiametor in the mtalw 

25 Second, under some engine opemting conditkmSk die water vapor may 

oondenae after it is mixed with andrieot air. tUs condensation can lead to aoederated 
cotxosion of downstream components of the air intake systeOL S<«ne syatems attempt 
to prevent condensation by removiz^ at least some water vapor fiiom the eodmost 
stream in an aftedtoooler located upatzeam of the aii/BQRnnxi^ However, as 

30 should be apparent fiom die ptoc eding paragr^h. the removal of more water vapor 
Aan is required to avoid condensation residts in reduced NO^ leductloa eQectiveness 
<hte to die unnecessarily low moisture coqoentiation of die iotate 

In 11^ of die fofiegoing, it shdnU be apparent tfaiat the need has aii^ 
i^MmdzB the combustion control of an intenial combustion eng^ 

3 
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OirygMI Cfmcfllltnitron in fte fafrlVl? gaff ^tflWI <ff ^ ptraxpstser inHifaHro of tfie oxygfln 

conocatnttioii* 

As also should be appaicnt fitim did fef«gQ^ 
arismto fake advantage of tbe water c»ntEsi in an EGIl stream ft>mluc«NOx 
5 anissioii9|»pxefi»BUywlufeatiUiirav^^ 
systom. 

SUMMARY OF THE INVENTION 
In SGcxndance wifli apxe&ned aspect of the mvenfion, an improved mediod 
10 fbrconlrolliiig an engine equipped wi^ 

paxstneter of a constitueat of an aii/EQR httake miztuze; caloiilating, based on die 

mtake mixtuxe; and a4^l9tin8 aft least one 
calciUatingst^. 

partiat pi»S8Uxe of oxygen in die mixture, Buc^ The 
pacameta can dien be used to adjust odter edgine oontral opemdons on m 
basiB or as a sepazate, dosed loop control in which the detenniaBd vabie of the 

paiBmetar is ocm^azed to a desiind vahMb and in which the a^^is^^ 
20 pcECfimned based on the comparison. In diis case, the aiyustiag step may conqirise 

a^tastflig at least one of a fiiei supply timing, a fbel siipply gi^^ 

ignition timing, manifold obsohite pressure (MAP), and air cliaige temperature 

(ACT). llMGharactenstic(s)ad}iistedw3Uvazywidi.e.g^ 

operating oliaractezisticB of the controlled engine. 

26 Instead ofar in additicm to basing oontrob on oxygen xneasurament^ 

measuring st^ may comprise measoring at least one parameter dmt is dependent on 
tliecopcentxntbnofmoistuieintlieii^akendx^^ In this case, flte calculating stqi 
may comprise detetminiz^ a vahie of a parameter indicative of water vapor partial 
pressure in the intake mixture and comparing the calculated value of the parameter to 

30 a desired value of die same paramet^. The adjusting step may then be performed 
based on die comparison* Itmayconqiriseacyusttng at least one of ignition tuning, 
fhel supply qnanti^. and EGR flow. 

Ihe inoistuie meosinmeots nuiy also be used tD pieveot eom^^ 
engine's tntake system* In this case, the measured paraineterprefdnUy is indicative 

4 
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of one of 1) die amHoit ielativ6 humidity and 2) die idalive bamidity of the iatpke 
mixture, llie engine can dien be conlxoUed, bawd on tbisxi^^ 
coodensatiCTi in the engine's air imake gygtem. For EiistBnce,tiie84|ustbg step may 
oonqpirise adjufltigg at least one of 1) a tetDperatqie of -be intake mixtoie and2) flie 
5 moistine concentntion of infake mixtuie. The moisture concentration can moat 
easily be adjustsd by a<yi»ting ^ setting of an exhaust gis reraieulBiion vatve 
controlling EGR flow to the intake systam of the engine. 

. In accordance with another aspect of the inwenlion, an EGR equipped ezi^^ 
ia piovided fiiat inipleniBnlB a mediod having some or a^ 

10 The engine may be a lean bum engine aoch as a dieselang^ 

engine^ or a c ompr e aai on ignited inlot-fliBlBd gaa engine. Many controls deaoribed 
above can be petfbimed even if the engine & equipped with a 
lacking an actively settablo exhaust gas recirculation valveL 

Other aspects and advantages of the invention win become apparent to diose 

15 skiUed in the ait firom the fbllowing detailed description axid fte accon^aanying 
dxawinga* tt should be undnatood, however, that ^ detailed descxiptioa and spe^ 
examplce, while iwdicathig piefened embodimcnta of die pieaent inventkm^ are given 
by way of iUuatzatkmandnotof liimtaliDn. Maeyehanges and modificatkma could 
be made witfunllie scope of the pieaent mvention without dcpaxting fiom fte spirit 

20 Iharw^f, m/if rtif> tnvfRnti^m inchtdfff all fmrh irimlifirHtiiOinw. 

B^F DESgRynpy QF TOPB PRAWINQS 
Fxefofred exemplary embodiment of die invention are illustrated in tiie 
accompanying drawings in which like reference numerals lepiesent like parts 
26 duou^iou^ and in which: 

no. 1 is a gmplijUnstiatiag the eflbcis of O^pattial pressure vaiiati 
' and l^dreeatbon emissions in a pilot Aieledconqmsaio^ 

eDgine; 

FIG. 2 is a graph ilhistiating the efiCiBcts of lambda (conected for BGR) 
30 vBiiattons on NOxSnd faydrocaibon emissions inihe same engine; 

FIG. 3 is a graph ilhistrating (he efiEbcts of EGR mass ftotion variatioos on 
MO^aiElhydrocaibon emissions in tiie same engine; 

no. 4 is a graph illustntii^ Ihe relationslup 
concentration and lambda in a natmal gas engine; 
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FIGS. m a serios of Oowchaxts illustratuig a prefeEred con^Dter 

impl ftwifthfaM l tftfthmgne fiatt avotdtng wattt vapor copdemation and for optimiziii; 
QOginc oombufition ootmol based on a moiiitored InlakemixtDie^mter vapor 
depeiKtexit pasameter Biid/or a sunihocad iiitato 
5 depeDdentparunetoic; 

FIG. 6 schamaticaUy iUustrates a diesel engins configured to be conteoUedby 
thacQinbusttoQ control nHitineiniis^ 5A-SC;and 

FIO« 7 schematically illustrates a spaxk i^tionor oomimsston ignition . 
Mfwr ^l m gittft Gftnfigimd to ho contiplled by the oombnatjon oontml loirfine 
1 0 shown in FIOS. SA^C. 

Wft^ ™ TMBSCMPnON OF THH FHpFBRHBD BMBQDIMBNTS 
1. Resume 

Pmsuant to prcfSsnpd embodiments of the invention, an EGR equipped 

16 intetnal combustion engine is controlled to maomnize the beneficial efGscts and 
minimize tiifi detrimental efiectsofEGR on engizie operation. Specifically, at least 
one paranieliGr iiidicative of die oonoentiBttoiL tt 
OPe parameter indicative of the H2O concentratbn in the intdce mixtne 
and the monitored parameter is relied on to oonliol one or more aspects of en9 

20 operattOD. For instance, for Q2d€])endaitoQntn>lvtteQ2Concentratb^ 

ges stream can be monitorcdf and an excess oxygen ratio (BOR) or another oxygen 
partial pressure dependent parameter can be derived fitmi the resultant data. The 
derived pafameter can be used for open loop adjustment of another control stategy 
and/or can be used aa the basis for a separate, closed loop eontiol strategy designed to 

25 optimize diat or a related parameter. As another exam{de, a relative humidity or 
odier sensor can monitor the HiOooncenlrBtion in the inttkomixtiu^ 
monitored parameter or another parameter derived fiom it can be used 1) to avoid 
condensation in the engine's air intake system, 2) as the basis for open loop 
a<iyustment of another control strategy to take the parameter into account, and/or 3) as 

30 the basis for a separate closed loop control strategy for controUing that parameter to 
obtain a desired effect These controls are applicable to virtually any engine, and are 
pafticnlaily beneficial to lean bam engines such as diesel (conquession ignition) 
eqgloeSy spark ignited natural gas engines, and dual fiiel or odxer conq^iession ignited 
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natural gas engines. Ilie engine nouiy be equipped with d&eracti^ 
EOR or passive and nnoontiolied EOR. 

The theoiy behiikL the comiolstmtegies discussed i^ 
and appUcaidon of that Ibeoiy to flped£b eDgi^ 

5 

2- Theory 

Combustion and emissions are dependent upon die Qxyg&i concentration in 
die intake mixtuie. Combostion control dierefore can be pedEbimedm 
if it is based dixwdy on oxygen measiueraaitB ladier di^ 
10 measurementa. llns&ctiaoonftxnedgnQilhicaUyinn^ 

efiEbetaofQicoincentiationcbaflgesinaCateipiUarm FtO. 

1 iBnstiBtes the jelflMnnship between 1) Oil pflrtinl pressure in an 

2) NO. and He eDUBsiona, wlieie paidd pltaaifle** is defi^ 

proasureof oxygen in the intake nuxture to die total p ies sw e> HO. 1 ilhistzates that 

15 hfttfi >If \ Rfid ffr; emtHWirtujy vniy unHh n^pftrriftl pmaiire rhaf^p^^ wfth tbfP Optimal 

tradeofratlOOHload and ISMipm engine speed RefindngtoFlO* 2,boaiNQ»aiid 
HC emissions also vaiy wxdi ^gas lambda," which is defined as die catio of effective 
afa- available fbr oombnstion of natoial gas to that reqpiired for stoichtomeCxic 
combostion hi die combustion diamber. Tbo effective air available takes iolo 

20 Gonaidefadon of EGRmass fraction widiindiB mixtnra of fociiculated exhaust gas and 
fresh intake air. ¥IQ. 2 indicates that» fbr a given gaseous fuel quantity, gas lambda is 
proportionaltoaod vanes directty with O2 partial pzessure. nO« 3 ifldstrates diet bodi 
NQxandHCemissionsalso vary with EGR mass fraction. The decrease in NO^ 
einissions can be attaibuted paidy to increase in water vapor contend 

26 as disoassed in more detail below. 

Arinedwidi die data paitiaUy tabulated in one or nme of 1-3. it is 
possible to peifonn candnistion coxxtrol to optimize an Oi pailial presiuic dqfiendent 
penmaetcr fiir NOw and/or HC emissions for prevailing sp eed and toad c^mditions or at 
least take that parameter hxto account when optimizing anodier paimneter» such as 

30 lambda, to obtain a desired efiOsct, such as a desired NQx emission level, a desired HC 
emission level, or a desired brake specific fiiel consumption (BSPC). A convenient 
and intuitive O2 partial pressure dependent parameter, but hy no means die only 
possible pHranieter,usabto as a bam fbr this oonmd (EOR). 
EOR is defined as dxe ratio of die actual oxygen in tixe intake mixture to the oxygen 

7 
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wgniwd fof a atoichiamctcic oooibnstiogL TheEORcatibcdfitemiiixddcmacyliiider- 
by-^yUndo; ^le-by-cyele liAsis fay 1) first detamizuog did mafift of oscygea in the 
combkistiofli cfaamb er using die detected O3 paidal pressure and die Icnown sispply 
vbIm opeciixtg perk>d, or die loiowQ 
5 thm2)detemuiuagdieactiid<VfiieI]»dousix^ 

die kziown fiid ii^ection quantity, and dken 3) detconmnig EOR &am the detemuaed 
Oz/fuelzadoazidlaiownordctciinfl^ EOR is an attractive 

faaaifl for comlwiation contiol becauac it piovidea a more direct and mofaaccoiatD 
ixidicatiaai of die available oxygen for ixunbuation in dw mixture Own lambda. 
10 PoaBD>bTnechHniHm8forqptanigggoom^^ 
ineaanrDd Q2pactiBl preame dqiendent paiametOT 

generally below in connection widi the fkiwchaxt of FIG. 5 and more spedficalty 
below ydth respect to die engine schematics of FIGS. 6 and 7, reapectively. 

Water vapor partial pressure also affects combustion, and combustion control 

15 diaeforBcanfaepptanizedbasedonawatecvaporpailMpre^ 

parametBr. Re&mng again lo FIO. 3»NC)kamiBsioii8 decrease widi mere 
mass fiac^nilirotighottt die speed and load lani^ Tliis rsdnotlon 

results not only fiom tise reduced excess oxygen content of tbe intake mzxture, but 
also becgBBcofdie flame teni p gi a turBgBdncdonrtBCbct of die increase 

20 diat stream as a result of EOR. It has also been discovered that lambda and water 

yq>or partial pressure in the exhaust gases are inversely related. The curve 10 of FIG. 
4 reveals diat, in a ^ioal natuial gas engine^ lambda decreases 
as the partial pressure of water vapor in the exhaust gases increases 
fiacdonofaboiit 0.10 to about 0.19. This rdadozisfaippemdtB an eiigiriB equipped 

25 wttfi EGR to be nm tnkdvdy 1;^ and yet maintain reladvely low NOx emission 
levds by ratainfrig a idadve^hi^ water vapor partial pressnre in d» 
rssoltad fiom an increased EGR mass fiaction. Hence, a taiget lambda or 
coRespoiuliz^ target BOR could be adjusted downwardly in the presence of a 
relatively high water vapor partial pressure. Other combustion control strategies 

30 could be adjusted to take HbO partial pressure iiito account in a airnilarinaii^ The 

engine cnnld alan w^troaly omrtmnftH fn twitntni n vapfir parrial presmg 

or a panineter dependant diiecdy on it at a target level required to obtain a destr^ 
effecl; sucb as a desired NOx emission level at pnevailing speed and load conditioos. 

8 
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Mechanisms for afbctmg these controls fixe described below in oozgunetkm with the 
description of FIO. 5. 

High water vspaar eonDeatraticms eatt« however* lead to condensatioti viHlar 
some pperaitbig oonditione^ leadiDg to aocelef&tbd eotxosion of air intake ayatom 
5 coniponents. This potential problem can be avoided by monitozi^ 

humidity in the mixture and taking active measores to prevent the relative humidity 
firom exceeding 100%. These measures could ixichide taking steps to increase air 
charge teo^mature^ reduce water viq)Qrconcezilra An esmmplB ofdicso 

measQies is described in detul below in eonjunctioa with FIQS. SA-^SC 

10 

3. Construction and Onoralion of ftaetical Embodiments 

The techniques described above can be employed on a variefy of dififerent 
engines using mimydi^erentcontiDl strategies. They are paiticularly(btit not 
exclusively) beneficial to lean bum engmcs eqirippod with cooled, low pressure EGIL 
15 Two different types ofleaa burn engmes to i^rfiich the technique is 4[»pli^ 

iUustmtBd in FIGS. 6 and 7, respectively. Both enghies are controlUble ushig specific 

imiilemflntarions of tlM generic stntegy ilhisCtated in nC 

discussed both in oozflunction with the engine of FIO. 6 and the engme of FIO. 7« 

20 A. Apnliertion to Dieflcl Bngitie 

Refexring now to FIG. 6. a diesel engine 20 to which the invention ia 
a|q>Ucable inchtdes a number of cylinders 22 (only one of which is shown), an inlBke 
. . system 24 supplyiiig an aii/BOR combustion mixture to dkecylim 

system 26, a fiiel injection ayatem 28. anBGR^stem 30, and other con^KUienta (not 

25 flhowiO commonly found on a ootE^msionignitidnengi^ 

valves. The fiid iigectian system 28 inolndea a souioe of diesel fiiel and at least ono 
electronically controlled fhel injector per cylinder 22. The intake system 24 
conxprises an air intake manifold 32 having a split oudet connected to the vazioiis 
cylinders 22 and an inlet coimected to an air filter 34 by an intake passage 36, Ihe 

30 eadiauat system 26 Comprises an exhaust manifold 38 having a spHt inlet coupled to 
flio vnrifluacylindeta andan outlec conpledto a diesel poiticnlate filter 40 by an 
exhaust passage 42* Theilb)8tratedengfaie20isatud)ochargedengmehav^ 
compress^ 44 k)cst6d in air intskie passage 36 c^tream of die intaike inanilbld 3 
a tmbine 46 located in the exhaust passage 42 downstream of the eadiaust mani&Id 

9 
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38. ApamiveorGOiitiDlIAl«air<difli8eGCKilfir48i^ 
(TAB) 'vatve SO are also pmvidod ia dr inlake s 

smA/ar corttrollmg thft flow of compressed air tp tibtc ak flow inlHkg manifold 32, The 
TAB valve 50 located in a TAB line 51 bypaasing the coinpressor 44. 
S laaceordaiice with a preferred embodsnent of the inventibn, the EGR syatem 

30 is configorcd to leciiculoto a pCHtion of the exhaust gase^ 
Imvitig an itilAt m flmd communication with an oudet of the tmbine 46 and an outlet 

The ECHl ayatem 30 includes, fiom opstce^ 
10 an EGR vatveSti* and an BOR fitter 58, all located in the EORlina* . IhaBGRvatve 

56 nay Im a completely passive valve diot idiea oil opem^ 

system components for its setting, hence providii^ a totally passive and uncontrolled 

£OR control system, Pre&nblyt however, it is controllable at least to the extedat diet 

it can be electionicaUy slmt off upon demand in order to halt EOR 
15 condensation in the intato system 24. In more sophisticated systems^ it may 

alternatively be a variabie/odfioe EGR valve electronically settable to actively control 

EOR flow to die intaikB system 24 OS desonbed in JXK^ 

The oudet of tbe EGR line 52 diwdmiBBs into the EOR inlet of a venturi 60 

Hhat in diiyoflad in the mtafce paasage 36 upsUea m of the CQP M preasor inlet The 
20 ventud 60 abo has a fipesh ail inlet that receives attibient air 

a mixtine outlet that discharges the aii/EGRniixture to die comi^^ A 

prefened ventuii suitable for drawing EGR into die inoomi^ 

widi the air stream is described in co-poidhig and conunonly 

application Serial No. 10/193^7, filed Ady 1 1, 2002, die contents of which axe 
2S hereby incorpomted by f^efiuenoe in difiirend^^ The p ie fl me d particulate trap (if 

pfttseni), EGR eookry and EGR filter arc also deaeribed in the * 257 fq;)plication. 

A conliDller 62 is also provided for controlling operation of Ihe fuel injectoia, 

die TAB valve SO, die EOR valve 56 (if the EOR valve is ^dvely conliolled), and 

possibly odier oomponentB of the engine. The controller 62 rec^ves signals 
30 indicative of Qx partial pressure in the intake mixtuxe» water vapor concenliation in 

die intake mixture» intake mixture tcn^oature or air chaige teniperature (ACI). 

intaloB mixture pressure or manifbld absohite pressing (NfAP), qieedi load, a^ 

possibly additionBl data. MAP is monitored by a sensor located in or near die intake 

manifold. TheMAPsensQrmaybepartofabk>dcormodule64diata]5omeasures 

10 
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ACtotdiasaEDelocatioiL pallid px«ssimi]id&»ltve date 
sullied by an Oi ccmfM9DtxHt^ 

canqnesaor inlet Plaoingliii0 56inor66m1iiisloeationpeiiiiitetl^ 
calci]lalBQ2 partial pressure using date fi^ The 
S watBT vapftf dffpfffidffnt panrmfftfyr rinte prffffftuWy is oHafn^ ftrtfn a ffffiWftr 

anangemenfgenetaUy denoted 68. TbeaensoraxxangenicixteSpreferBbiymomtots 
telative tuunidlty and tempeniture in &e intake passage 3 6 at the compiesser inlet 
Altetnatively, the ambient relative humidity could be mcaaiTed. Tbe BbO paitial 
pressure find dew point can dien be calenlatedfom this date and/or date fituntto 

10 ACT sensor in the module 64. Speed, load, and any othier date desiied for combustion 
central is aqppUed via known sensoirs. collectively 

The ceotrollar 62 can Oen coniiol flie TAB valve SO^ the EGR 
and/or fUM iil^loxB baaed on tise nionitorcd and calcukted parametm 
optimize pcr^nmance characteristics such as NO^reduction^ HC 

IS condensation preyention. The control piefbrably is implemented on a oylinder-by- 
cylinder, oyole-b>^ycle basis. A routine that can be p ioficammed into the controller 
62 fot tiiis puipose is illustrated schematiosUy in FIOS, SArSCf with iho main routine 
being iUustiatBd at 80 in HO. 5A and IliaO and Q2 control sufai^^ i 
atlOOandl20 2nFIOS.SBand5C|reflpactlvdy. It should be understood fliat the 

20 tenn*V(nitine**i8nfiedhevBfiottodes(gnaloanyc<mii^^ 

not necessarily limited to tfacperfbnnnTTcc of opemtions by execii^^ 
codes. 

Refeningto HC. 5A, the main routine 80 proceeds &om START in Block 82 
to a date acquisition Block 84, where tlic conlzoller 62 reads MAP, ACT, Qi 

25 concentration, relative hinnidity or another parameter inriifrSrive of IfeO 

conoentnttiDtu speed, and load fipom the sensois 64, 66^68, and 70. Then>utine80 
than prooeeds to Block 86, where the contitdler 62 detennfaiea an Q2 partial pressttie 
dependent paranieter and an H2O partial ptessuradqieindentp^^ serve 
as the basis fi>r combostion central in the subroutines 100 and 120 of FIOS. 5B and 

30 SC The contraller 62 also determines the dew point from the measured or 

deteonined relative humidity and the measured temperature in the intake passage 36. 

Next iu Block 8 8« the routine 80 detemiines whedier the nmctnre temperature 
is less dian the dew point The date fotiie mixture lenqMsalora may come flom the 
sensor 68, Ae ACT sensor in the module 64 or,mo8t prefetably, nuiy comprise the 

II 
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lower oftho loadings piOTidod by tte If fbo answer to ibomqiniyia 

YES« tliD coDttoUor ti2 takes aotivo steps to 

(xiiKeotnti(mai]fiGcia]flyto For 
jiififiifyj>^ it zoay adjust the BOR. valve 56 setting to decrease the pmexOagp of 
5 recixculated exhaust gases. The controller 62 could also aimpJiy dose the JEOR valve 
56« TheiDUtme 80 thenxetuiDS to Block 88 and repeats the operatums of Blocks 88 
Olid 90 imtQ tlie tempemture as measured by the sensor 
tbazifhe detected or detennined dew point 

TbezQUtiiie 80 then proceeds to Block 92 to execute the Q^eO contiol 

10 aufanmtiiie 100 of no. 5B. SclHOiittnelOOpiooeedsftam START m Block 102 to 
Bkick 104, wfaera tfie subnmtuie 1 00 efibota open-loop a^ustment of one or nune 
cbaiacteriatios of (be fod aod/or wappty ^ysiam air to take du beneficial reduction 
efibcts of tbeEGR water vi^ in the eotbaust stream into acco^ Asindicated 
above» diU control may be based on any paianiotor that is dii^ 

15 Virata vapor content in the intake muLture. B^O partial pressure is ptefiarred. The 
controller 62 pre&mbly controls the engine 20 to nsake it nm richer and incroase 
i9Utionde^y in the preaeiice of bigberlbO partial pi^^ Hcnce,ifafiriativ^ 
low ^20 partial pressore ia detBctod* the oonMller 62 niay GOnlEol 
a^QSt diesfll fuel iigectian quanti^ and/or control TAB valve SO to 

20 in Older to jnoduoe a leaner mixtmeL Itmayalsoretaidllhefll&rcof itgectionio 

compensate fiM* a shortened ignition delay» Conversely^ if tihe detennined Q^O partial 
pressure is relatively liigbt die controUer 62 will typicaOy control tte 
increase diesd fbd ispectton quantity and/or control the TAB valve SO to 
to produce a richer roixturo, it may also advance the start of fiiel injection to 

25 O009tpensate£3r an locrBBsedigmtiaD delay. Someof these «id|ustmeDta could be 
inqdemented by a^usting an existing lambda control procednre and/or by a^'o^ting 
theEORroiitifle 120 described below to take the deteiminedHbO partial pressi^ 
account \(dien selecting an optimal lambda or atiGptizn^ For instance, the 
target BOR as reflected by die inquiiy Block 126 of the subrcttttne 120 of FIG. SC 

30 may be revised downwardly at higbl^O partial pressures. The controller 62 would 
then a4iust the fiiel and/or air supply and/or £GR devices to obtain the revised target 
BOB. The magnitude of target revision is engine specific. It prejSeroblyu 
fiomamap lhatOQirelatos the magnimdeof leviaion foraflill raqge of IfcO partial 
pressures against a fiiU raiQge of engine apeed and load conditions Sot a particular 

12 



PAGE 1»45 * RCVD AT 12/ief2(IM3:0S:54 PM [Eastern »andard^r^^^ 



DEC-16-E004 15:13 FROM: 



TO:USPTD 



P. 19^45 



WO2004AM4406 PCT/US2003/032420 

toffaccjpcntidngfaxamaiarpSU^ Similar stzBt^^oouU be used 

to ai^ust a lambda optimiZBtiozi toutuosy a fiiel iuyeodim timixig optinsizatioii nMitfae* 
etc. 

If the e^gimi 22 is capable of a^yustti^ ibe HizO paiti^ 
5 sysitam 24s the coxktroUer 62 can also effect closed loop opt^^ 

pressuraorapaiameterindicativeof ittoacliicveades^ Forinstanoe^iftfaa 
£GR valve 36 is an actively contzoUablc valve, it is possible to adjust die sotting of 
tlie B0R valve 56 in a closed loop ftsldon to tnAwiteit^ tiie H2O partial pressure at a 
target or desired vahie (Ikit achieve a desired NQx emission la^ 
10 ^ieed,load,and£bBl8iv«ilycmdifions. 11^^ 

xoutino 100 ootqpaies the determhiedllK) partial piesai^ 
desired paianietEr in Block 106» and the cmto 

vary the ItiOooncenlzation in the intake mixture in Blodkl^^ Hie suhnoutine 100 
thenieturos to Block 106 and repeats Bloeka 106 and 108 until fiie determined %0 
16 paianiertorequab the desired Hi^O parameter, Hicsnbroutioo lOOAenretutnato 
main in Block 110. 

Sefioiing i^ain lo FIQ. 5A, Ihe routine SO piweeds to Block 94 to exiocute the 
sohioutina 120 either in series with or parallel wifli eKeoution of the sufaiDUtinBof 
no. SB. Bxecutionofllie subroutine 120 of no, SCefifbc^ 

20 control using a strategy similar to that utilized to dBSsct^Opi^^ 

comroL Hence^ the subroutine 120 proceeds from Start in Block 122 to Blodc 124, 
where it effects open-loop a^ustment of combustion control based on a determtnod 
O2 partial prossuxc dependent parameter. The O2 partial pressure dq)endent parameter 
may be the O2 partial pressure itself, the oxygen/inel ratio, or, most prefoably, the 

26 excess oxygea ratio (BOR). For instance, the controller 62 may control the fiiei 
injectors to advance iry ection timing in the pgresence of a high EOR in order to 
compensate fer the mcreased ignition dehqf resulting ftom the hij^ EOR. bislnad of 
or in addidon to this open-ended controly the subcontme 120 may affect closed loqp 
control of one or more engine operational c hara ct e r i stics to tinmTih>ttt an Oi partial 

30 pressure dependent paraoieter at a desired value that optimizes a pcT£:>miance 
chacBCteriatic. Hence, in Block 126, (he subroutine 120 first queries as to ^ 
determined Qz parameter equals the dcsiredparameter and, if not, proGeeds to Block 
128, whnroitadjiists engine operatioa to alter that pararnetar. lathepreftnedcasein 
which the Q2 pammeter is BOR, the same techniques that are used to adj^ 

13 
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xnaybdusedtDuQustEOR. Ibdeedl,atzeioBGR,lBa]bdaeqiialsBOB,fiadEOR 
ecmtiQlm identical to laiiAdacoiitioL Onekziownlanibdacqptiiiiizatimt^^ 
relying pxunaiily <ni B^'ustiQg (he setdog of a TAB iralve to adjust MAP or ACT to 
vary lambda* is deamibed in detail in U.S. Patent No. 6^73^076« tbe sutgect matter of 
5 ^yhich ia hereby incoipoiBted ly reference^ IhaddidoAitoMAPacytistincdQttOxygieii 
concentrsdoti, and therefore* EOR, canbo odJustBd even mote directly by adjtffltii>g 
die setting oftbeEGR valve 56. EOR could also be adjured by adjusting fiiol 
injection quantity through control of the fiiel injectors. The desired EOR vataie for 
any particular ecghie opemting uiider a givm set of speed and 1^ 
10 depend iqKWttte engine perfoimaiyechaiBcterigtfc 

optiflaixad. Typically^ andfer the pmposea of ifae present eacan^le, the desired EOR 

can be coBoideied to be diat iifddch strikes the ideal bal^^ 

fM ecoivuny at prevailii^ ipnit load, ACT, aiid skip fire coi^ 

balance" may vaiy depending upon whetticr the designer is primsiily cancemed with 

15 mmttimn^ fnfii ficmvmiy nr with mmmiymg ftmiaaimia. Xt may alSO take til0 H;eO 

based optimization routine of FIG. SB into account 

The oZoaed loop ooniix>l of Blocks 126 atid 128 is jcepeatod until the ^ 
120 detemutoea in Block 128 that the detannfaied EOR or related pn^^ 
approximately equals the desired panmietar, at wUdi tfane Ite 
20 die main iDiitfaie in Block 130. The main routine 80 then 
96, and the process is repeated. 

B, A pplicatio? ^ Ktipjiy^ 

The combustion control strategy described above is also applicable to either 
25 apaik ignited natural gas engines or dud fuel or odieroonqM 

engines. One snchengine220iBilfaiBtmtedsdieniatica]lyinnG.7, It conlaina most 
the same cott^onents as the coitesp<mding diesel engine 20 of FIO. 6. with 
ccmpcmfints of the engine 220 of FIG. 7 conesponding to components of the engine 
ofPIG. 61ieingiDcrBnientedby200. The engine 220 therefore xnoludes: 
30 * a number of cylinders 222; 

• an intake system 224 including an air filter 234, an intake passage 236, an 
intake nmnifold 232» an air cooler 248, a TAB valve 250, and a venturi 
260; 



14 
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■ an ezlmixstflyrtcm 226 including an Q]dxau9t 11^^ 
tnq) 240i and an exhanatpassage 242; 

• an EG9EI system 230 including an EGR passage 252» an EGR cooler 254» 
and an BGR valvo 256; 

5 • a tuibochaxger including a Gon^ 

m a canttDller262 jecrivbg signals fiom senscua 264, 266, and 270 and 
GontraUing an claetronically controlled conKQKmcnts of tte engine 220* 

Tin engme 220 of no. 7 di£Bm &om tbe engine 20 of HO. 6 pr^ 
1 0 fbllowing xespocts: 

• The diesel itael supply system 228 of FIO« 6 is r^laoed with a fud si^y 
Q^tem flmt iDoliides a gaseoos fiid simply syalm 

for thfi gaseous fuel* The gaseous fuel st^ly Bystem typically will consist 
of anLPOor CNO souioe and supply valves for selectively sillying 

16 natuialgas to tbe individual o>4inders 222 of ^ angitiA 220£romtbat 

sowce on demand. If the engine 220 is a spaxk^ignited engine^ fiie ignition 
source 228 will include one or more spade plugs fin- each cylinder to gas. 
If the ^igine 220 is a dnal fuel or other compression ignited gas engine, 
die ignttion aouitse will inchide diesd fiid iiy'ectm of the type commonly 

20 employed by audbi engiiies and a corresponding somce of dfeselibel; and 

• The particulate tnq> 240 is telocated at ofthn EGR passage inl^ 
oxidation cata^ 280 ia placed in the eaduuist outlet leading to 1^ 
atmospheieL Qridatian catalyst 280 may be ^ciallyfoimulfltedfiir a 
lean4>um natural gas engine to reduce methane audnon-mediane 

25 hydiocaifoons emissions. 

Tbo controller 262 engine of FIG, 7 contvols ppemtiQn of tiio various engine 
oon^Kinenfa using^ same routine 80 illoatrated in FIGS. 5A«5C. Refkring again to 
FIG. 5A-SC, the specific ai^Iiealion of that loutine to flie engine of HO. 7 difiBsts 
30 fiomits appUcadonto the engine EIG« 6 only in that 

* Gas fuel qoanlity raflmrthan diesel fuel quantity are adjusted in Blocks 
104 and 124. 
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« Ia(udfirtoai|jastignitiQntiin]^ 

timing aiea4ni8ted in Blocks KMand l24iadi6rdiaQa4jqstiiigdi68el 
fbel injection tizning. 



5 



It can 4018 be seen tiiatOi partial pressure and HjO partial pressure can be 



used tD optimize combnstiQn control of a vanely of ei^^ TUis 
oontrol possibility considerably widens ifae rango of appUcationa fbt a relatively 
simple, inexpensive, reliable passive and imcoxitroUed and cooled BGR system while 
still nieetingNQKcmdHCeroisatontazgetadeQW^ It 
10 abocanbeaaedtDpzQventoondensationmavaiieQrofdifB^^ 
ei^nea in a manner that reiaim itf leaflt paid^ 

most engine ppoatiaig conditions. Also^ as ahould be apparent fiomibeabovei dm Cb 
dependent control end Hi^O dependent cozdrol can be used eidier sqwately or 
together in a variety of difGorentBOR equipped en^^ To the extent lliat they might 
15 not be ^fparent fit>m the above, the scope of variations &lling witiiin the scope of tlie 
present invention will become apparent &om the appended claims. 
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CLAIMS 
We claim: 

1. A method comprising; 

(A) exhaustiag gases from an exhanst of an mtemal combustioii eogine; 
5 (B) mixing a poortioiiofllieaAaust gases (EOS) with ai^ 

mixtmei 

(C) directing s&id intake cmtuxe into an 

(D) meaainiDg 4 imranieter of a constituent of said intake 
(fi) calciihtipg^ based on said measuring step, a parameter 

10 partial pmsuiv of Said coiiBtitiittft in said intake mixtion 

(F) aiyuatiog an engine qperatiagoliaraGteristicta 

step* 

2« Tie method as recited in claim 1, wfaaBin the faiTcutatipg step comprises 
15 calc ol a t ing a parameter diat depends on a partial prassiw of oxygen in said intakp 
mixture* 



3. The metfjod m recated in clmm 7^ fifw^h w grnnprinfag e/wnparing Aa ftyyg*n 

paitial ptessuie dqiendent parameter to a desired value of said oxygen 
20 depeodfiBttparBineCerr and wlieieia the a^fustii^ step 
oompetisoiL 

4» The method as recited in claim 3, wherein (he at^justing step c<»xipiises 
a^jnsdng at least one of a fiiel st^ly timing, a fuel supply quantity, EOR flow, 
26 ignitzofl timings manifold absoltfte pressure (MAP), and air charge teirgperatuie 
(ACT). 



5. The mediod as recited in claim 4, wherein said cngnm is a fod-i^ 

engine and the adjustiiig step conqmses adjusting at least one of diesel fiid iiyection 
30 tuning, diesel fuel injection quantity, lk/£AP, ACT, and EGR flow. 

6. The meduid as recited in claim 4. wherein said «ng{ne is a spark^ignited 
iiatoral gas engine^ and wbemn ffae adjusting step 001^^ 
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spwk timidg, gBBeoud Saei supply timing, gaseous fool sapply quantity, MAP, ACr» 
and EOR flow. 

7. 11ientketl»dii3iCGitedmclAitt4,wherBmsaidc^^ 
- 5 jpixdan natuzai gas engine, and whfi^ 

one of pilat &el injectiO(n timjng» pilot fact supply quantity, gaaeous ftiel siqpply 
timing, gaseoua fiicl 8q>piy quanidty. MAP, ACT, and BOR flow. 

8. TI]enielliodBsxedtediAcIaim3,wh«tieintheo2£^^ 

10 ^ qpflfn^^gnt pargmafcar ia m Mceaa Qxygen ratio (EOR) of a charge fonnod ftpm said 
intakpmixtiu»andftael,tiiB.conqaringatiq»€ompri^ 

to a deaiiedBORp and the adjusting st^ comprises acljustnigoperadosLOf saidengind 
based on said oonqiaziBQn. 

15 9, The method as icoitcd in claim 1, wherein the m^iiwiTing step comprises 

measuring at least one paiametser that is dependent on tibe cooccntiation of moisture in 
said intake mixliife. 

10. Thsmediod as recited in claim 9, wherein the caloiilating step comprises 
20 detecmining a value of a pacHmeter indicative of water yi^r partial pressure in said 
intake mixlure, and wfaerein flie comparing step comprises compazing the calculated 
vahic of the parameter to a desired value of the same paxanieter» and whereui the 
g/^nntlng gtsp is peifomoed based on said cQmparison. 

26 11. Thsmefliodasrecitedin claim 10»wfaeimn die ai^ustingst^ 

adjusting at least one of ignition timmg, fuel supply quantity, and BGR flow. 

12. The method as recited in claim 9, whfixein the measured parameter is 
indicative of one of 1) ambient relative humidity and 2) tlie relative humidity of said 
30 intake mixtozn, and tiirthfir comprising aci^'usfing engine operation so as to avoid 
condensation in an mtaie system that directs said intake mixture tao said intake 
system* 
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13. Tbe mediod as recited in claim 12» wliereiii die a<tjiistixig step comprises 
adj ustiiig at least one of 1 ) a temperatme of said intake mixtnie and 2) the moisture 
GonceotEalion of said iiitake mixture. 

5 14. Tliemellkodaaieoitedinolaiml3»wtieie^ 

adjastuig the seltmg of an exhaust gas lediculadoQ valve controlling EGEt flow to 
said intake system of said engine. 

15. The mettod as recited in claim 13, wiierein said engme is a tuibocharged 

1 0 engine having a compressor fiiat compresses at least a portion of said intake mixture 
before said intake mixtme is inducted into said intake, a turbine through wMch 
exhaust gases |low» end a tuibo air bypass valve that can be selectively oontroUod to 
pemiit a portion of said intake mixtnie to l^pasB said eon^ssor. and 
a^nsting 8tq> conqkiises actively adjusdng the setting of at 1^ 

15 bypass valve and said exhaust gas recirculatianvatvB. 

16. Ihe method as recited in claim 1, wherein said engine is equipped with a 
passive EOR system lacking an actively settoble exhaust gas recirculation valve. 

20 17. An eoginB comprising; 

(A) at least one cylinder; 

(B) a fuel si^ly device communioating with said cyUfldei^ 

(C) an exhaust passage conveying exhaust gassesftom. said cylindet; 

(D) an intake system including 

25 (1) an air intake passage tn communication with said cylinder, and 

(2) an EOR line having an inlet connected to said exhaust passage 
and an oudet connected to said ah: intake passage 

(B) a sensor anaoeement includiz^ at least one of an oxygen sensor that is 
configured to measure a parameler indicative of Ae oxygen eoncenlmtion of a 
30 mixture of air and EOR in said air intake ^stem and a xnoistuxe sensor that Is 
configured to measure a parameter indicative of Ao mois tore ooncentmtion of the 
mixture; and 

(F) a controUerthatiscKinnectedto saidseaisoranangcanentan^ 
opetable to: 
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(1) cakulste, based on sigiDBis received fix>m said 
BitaxigeiiiaQl, at least one of a paiHmeter in^ 

ojiygenin^ mixtme and a pamneter mdicative of flie paxtial prearore of 
water vapor in die mtetunf and 
5 <2) adjust at lease one eogjneopecatiQgdiaxBelEris^ 

calcQlation. 



18. The engine as recited in claim 17, wherein said controller is configoied to 
adjust at least one of ignition liming and a fizel supply (juantily based on the 

10 calculation. 

1 9. The engine as recited in ckdm 1 8» wlierdn said eogfaie ia a diesel engine and 
the conlioUer is configured to a<yust at least one of diead fbd injection timing and 
diesel fiid injectioin qyantily. 

16 

20. The engine as recited in claim IS^wttereni said engine is a spaxk-ignition 
natorai gas engine, and wheiein said controller is configured to adjust at least one of 
spaxk timing) gaseous fiiel simply timings and gaseous fiiel supply quantity. 

20 21. The engine as xeeited in claim 18, iirfierein said eo^^ 

Igm'timiy natural gas ensjne» and ^vheiein said controller is configufed to adjust at least 
one of a pilot fuel ixy ection timiiig, pilot fuel jnj ection quantily» gaseous fiiei siq^iply 
timing, and gaseous fuel st^ly quantity* 

26 22. Theeogineasiedtedinclajm 17} wlifiieinsaidocmtR>Uerisoonfig^ 
adjust at least one of air charge temperature (ACQ, manifold abaohite piessuze 
(MAP), and ECK flow based on the caloulatioii. 

23. The engine as rooiled in claim 17»wfamein 
30 said sensor anangement includes an oxygen sensor, 

the determined parameter inohides an excess oxygen ratio ^OR) of an 
chaige fbimed by the mixture mifi i^iel, and 

said controller is configured to conipai« the detetmined BOA to a 
desired BOR and to adjust engine operation based on die comparison. 
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24. The mginjO as recited in claim 1 7, wheteiii the calculated pgramgter tPcTnrifi^ a 
value indicative of water vapor partial presfiiixe of the nribctuino and said contcoller is 
canfignred to conspare flie cabnlated value of tbe paramBtcr to a desired valne of the 
parameter and to adjust engioe operation based (Hi the camparisoiL 

5 

2S« The engine as recited in claim 17, iirfierein Ate sensor anangenMift is 
configured to measure a parameter indicatiye of at least one of 1) anibieDt relative 
humidity and 2) the relative humidity of the mixture, and i^rfierein said controller is 
configured to adjust engine opemtkm so as to avoid condensation in said air intake 
10 system. 

26. The engine as ledted in claim 25, i«iierein said controller is c 
a^uat at least one of I) flie tempemtuie of flie miacture and 2) the moisture 
concentration of the mixture. 



16 



27. The engine as recited in ohdm 26» further comprising an actively settable EOR 
valve located in said EOR line. 



28* The engine as recited in claim 17, wherein said engine is equijiped with a 
20 passive EQR system lacknqg an actively settable eodsaust gas recirculation valve. 
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